In this paper, Large Eddy Simulations (LES) of flow field around two different full-scale heavy-duty truck with air deflector and without an air deflector model are presented. The full-scale truck model is considered which contains a number of details such as bumpers, underbody, tractor chassis, wheels and axles. The numerical simulations have been conducted with two virtual wind tunnels at different yaw angle at 0°, 5° and 10°. The models are placed at different yawing angles in the virtual wind tunnels with a blockage ratio of about 10%, which is same as the experimental wind tunnel. To compare the corrected experimental results with the ideal case, other simulations are also conducted with a larger cross section at the blockage ratio of about 1%. A detailed survey of both instantaneous and timeaveraged flow is presented. The steady state simulations with tetrahedral meshes predict the drag coefficient 
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Abstract
In this paper, Large Eddy Simulations (LES) of flow field around two different full-scale heavy-duty truck with air deflector and without an air deflector model are presented. The full-scale truck model is considered which contains a number of details such as bumpers, underbody, tractor chassis, wheels and axles. The numerical simulations have been conducted with two virtual wind tunnels at different yaw angle at 0°, 5° and 10°. The models are placed at different yawing angles in the virtual wind tunnels with a blockage ratio of about 10%, which is same as the experimental wind tunnel. To compare the corrected experimental results with the ideal case, other simulations are also conducted with a larger cross section at the blockage ratio of about 1%. A detailed survey of both instantaneous and timeaveraged flow is presented. The steady state simulations with tetrahedral meshes predict the drag coefficient ( d C ) accurately within 3.3%, 4.5% and 3.3% of with air deflector model and 1.3%, 4 
Introduction
Large heavy-duty trucks are major commercial transporting vehicle for goods all over the world. From the aerodynamic point of view, large trucks are bluff bodies in a high speed flow subjected to enormous drag forces. It is estimated that a typical heavy truck vehicle with an average drag coefficient ( d C ) of 0.6 and driving at 70 miles per hour spends 65% of its fuel overcoming aerodynamic drag [1] [2] [3] [4] . For this reason, drag remains the focal point of vehicle aerodynamics because reducing aerodynamic drag contributes significantly to fuel economy and emissions reduction. Generally, it is found that drag coefficient of truck might be reduced by 50% by a variety of means [2] . Reduced the fuel consumption for heavy truck vehicle can be achieved by a number of devices and strategies. Boat-tails, air deflector and pneumatic suction/blowing equipment are examples of such devices [5] . It is crucially important to have a sound understanding of the flow-field around a truck and in its wake in order to develop and test such drag reduction devices.
The accuracy of drag coefficients reported by various groups of researchers was achieved only through a costly and tedious process of preparing a full-scale model and then conducting test on it. Although actual full-scale automotive vehicles can be tested, the realism of such simulations is limited by the finite size of the test section, the complexities of the moving ground rigs, and the inadequacy of testing under ever changing wind conditions. Moreover, the results for scale model tests are subjected to numerous doubts associated with the effect of the Reynolds number, the fidelity of the model, the absence of the engine cooling and passenger compartment flows, the lack of under hood and under body details, the effect of flowintrusive probes [5] [6] .
To surmount some of the difficulties associated with wind tunnel testing and on-road measurement, wind tunnel experts and researchers have invented computerized simulation techniques. With the advent of powerful computational resources and efficient algorithms, computational fluid dynamics (CFD) is being used increasingly to provide detailed insight into the flow structure around vehicles. However, CFD still faces the challenge of predicting truck drag coefficients with accuracy and repeatability. This challenge has its root in the highly turbulent flow-field around the truck, especially in its wake was reported by Ashok et al., [7] . Recent advances in high-performance computing techniques have reduced the cost and time of CFD analysis considerably.
The purpose of the present study is investigated the effects of yaw angle and add-on device air deflector on aerodynamic coefficients (drag coefficient and side force coefficient and lift force coefficient) and as well as flow-field around a full-scale heavy-duty truck in a closed wall wind tunnel. The effects are investigated for two different truck models (with and without an air deflector) at yaw angles of 0 , 5 and 10 respectively. To validate the Large Eddy Simulation (LES), turbulence model is used and compared its results with those for the actual vehicle in the DNW-German Dutch wind tunnel. To simulate the unconstrained free-stream conditions, a larger virtual rectangular wind tunnel is simulated with a blockage ratio of about 1%.
Numerical methods
An incompressible Newtonian fluid has been assumed, and continuity and momentum equations are spatially filtered to obtain the governing equations of LES:
The bar over the physical quantity indicates the spatial filtering operation for LES. The filtered strain rate tensor ij S and pressure P in Eq. (2) are expressed as
In Eq. (2), the last term on the right represents the effect of subgrid-scale (SGS) turbulence, which is modelled under the eddy viscosity assumption. The conventional Smagorinsky model [8] has been used, and the eddy viscosity coefficient is modeled as
where is the length scale of the SGS turbulence expressed as the cube root of each numerical mesh, and model coefficient s C is set to 0.15, which is generally suitable for external flows. The damping of the turbulent effect near a wall boundary is explained by the Van-Driest type damping function as follows:
where l is the distance from the wall in wall coordinates.
The governing equations were discretized by using the vertex-centered unstructured finite volume method. The secondorder central differencing scheme was applied for the spatial derivatives and blending of 5% first-order upwind scheme for the convection term was employed for numerical stability. The third-order upwind scheme was adopted for the spatial derivative far away from vehicle, where coarser grid was allocated. For time marching, the third-order Adams-Moulton semi-implicit scheme was used. Pressure-velocity coupling was preserved by using the Simplified Marker and Cell (SMAC) algorithm. The pressure Poission equation was solved by the incomplete Cholesky conjugate gradient (ICCG) method. 
Target vehicle model and computational mesh

Computational domain and boundary condition
In the computational analysis, two different virtual wind tunnels were considered. They are baseline virtual wind tunnel for which the blockage effect is to be found. The baseline virtual wind tunnel with its test section of 9.5 by 9.5 meters is shown in Fig 3(a) ; blockage ratio about of 10% corresponds to the DNW-German Dutch wind tunnel. In the real road condition, blockage effect does not exist. To simulate such a condition, we created a numerical domain with its test section of 32.4 by 25 meters in order to neglect blockage ratio. Hence, we termed this condition an ideal condition, which has the blockage ratio around 1%, as shown in Fig 3(b) .
In both cases, a uniform velocity distribution 0 U is defined at the inlet (about 21 m/s and 25 m/s in the baseline wind tunnel and ideal cases, respectively) about 40 m upstream of the vehicle. All velocity components are gradient-free for the steamwise direction at the outlet. Solid wall condition is adopted on the surface of the vehicle and floor on which the vehicle was mounted. It is impossible to resolve the entire boundary layer at a reasonable computational cost, especially in the vicinity of the solid wall where large velocity gradient appears. The log-law profile is assumed on the velocity and surface friction on the wall is estimated and directly imposed as Neumann boundary condition. As a result of the assumed log-law profile, the first nearest grid point is allocated so as to maintain the distance from the wall less than about 200 in wall unit (y+), which are located within the logarithmic layer of the boundary layer. 
Results and discussion
In the following sections the flow structure around the truck body and in its wake are described. Static pressure, velocity, and vorticity distributions at various locations around the vehicle are presented and discussed. Also, it is reported the aerodynamics coefficients (drag, side force and lift force coefficients) measured in the CFD simulations and compared them with corresponding experimental measurements. Figure 4 shows time-averaged static pressure and velocity magnitude distribution around the vehicle at an arbitrary time instant. In air deflector model, flow around the frontal area of the vehicle is relatively more steady than no air deflector model. The airflow above the cabin of a truck without an air deflector is perturbed by the strong separation at the front the trailer, and the separated flow is substantially affected by the yaw condition. The flow around the front area of the vehicle is relatively steady while that to the rear is quite unsteady and large vortex shedding is evident. The effective drag reduction due to the air deflector was 16.5% in the DNW-German Dutch wind tunnel experiment and 15% in the simulation.
Front-end and rear-end flow
Figures 5 and 6 respectively show the streamwise velocity and static pressure coefficient distributions around the vehicle at an arbitrary time instant. A highly turbulent wake is clearly evident to the rear of the vehicle. Note that the side wakes were not perfectly symmetrical. This was because the mirrors on the two sides of the cabin had different shapes. As the yaw angle was increased, the separation on the right (windward) side was gradually mitigated, and the flow became fully attached at a 10 yaw angle. In contrast, the separation on the left (leeward) side was enhanced as the yaw angle was increased, and a strong negative pressure zone formed is shown in Fig 6. This greatly contributed to the increase in the drag force with the yaw. A vorticity iso-surface is presented in Fig 7. It clearly evident a number of prominent vorticity streaks are induced by topological features of the cab. The sharp corners of the cab cause flow separation and stream of vorticity trailing each corner. The complicated streaks are seen to be raised from the side mirror. The vorticity in the separation region behind the wheel cover as well as from complicated under body are also seen to create a long vorticity trail. Figure 8 also shows that sharp corner of the front cab is a constant source of vorticity and therefore, it is an important role to increase the overall drag. Likewise, underbody components are also the strong sources of vorticity. 
Flow-structure in the wake
The mean flow field in the truck's wake is depicted in Fig 9. A strong recirculation zone is clearly evident. Fig 10 shows the instantaneous vorticity contours at the vertical horizontal plane. They convected into the rear wake region from beneath the vehicle and contributed to the turbulence in the wake. For the air deflector model, when the yaw angle is 0°, the wake height gradually diminished in the flow-wise direction. When the yaw angle is 5° or 10°, the wake increased vertically as well as in the flow-wise direction. This partially contributed to the increase in the drag force. For no air deflector model, the flow greatly is separated at the front of the trailer, and the wake convected downstream and expanded along the vertical plane under both yaw and no yaw conditions. The time-averaged total pressure contours around the model are visualized in Fig 12. For 10 yaw angle, there is a clear wake structure behind the model in the wake closure region and on the leeward side. For the baseline wind tunnel, the wake is distorted by the presence of the closed tunnel wall and extended in the longitudinal and vertical directions. For the ideal wind tunnel, the wake is freely formed and is not affected by the presence of the wall. For 10 yaw angle, a separation wake is formed on the leeward side and a wake from the near wake region was severely distorted by the wall. This is the reason for the increased drag at non-zero yaw. 
Aerodynamic coefficients
The overall drag coefficient is calculated by integrating pressure and viscous stresses acting on all surfaces of the truck. In the present study the drag coefficients predicted with LES simulations are compared with corresponding experimental measurements to judge the accuracy of LES simulations. The full scale heavy duty truck was used in the experiments. All experiments were conducted in the DNW-German Dutch wind tunnel which has a cross-section area of 9.5m×9.5m and blockage ratio about 10%. Drag coefficient measurements were carried out for yaw angles of 0°, 5° and 10°. The experimental values were corrected by Maskell's equation in to get the blockage free drag coefficients [9] [10] [11] [12] . The simplified Maskell's correction method based on momentum theory for use in testing thin flat plates normal to the freestream as follows: (7) (8) Three yaw angles (0°, 5° and 10°) with respect to the incoming flow were considered, and the results for the two models were compared. Note that the ideal data (i.e., the corrected experimental values) based on the experimental measurements were obtained by applying the blockage correction Eq. (8) .
In the real road condition, blockage effect does not exist. To simulate such a condition, a numerical domain is created with its test section of 32 m×25 m in order to negligible blockage ratio. Hence, this situation is termed as an ideal condition, which has the blockage ratio of around 1%. The drag coefficient of both models are shown in Fig 13 and Because we used more or less the same spatial resolution around the vehicle for all cases, the numerical discrepancies in the results are reasonably the same. The error less than -5% for the air deflector model and it varied from -1.3 % to 7% for the no air deflector depending on the yaw angle. The deviations in the simulated side force coefficient from the corrected experimental data for both models are summarized in Table 2 . It was less than -5% for a 10° yaw angle but more than -11% for a 5° yaw angle. One reasonable explanation for this is that the correction equation used for the derived "ideal" drag result was also used for the side force correction result without considering the yaw angle effect. The gap between the corrected experimental data and the simulated data is attributed to the difference between the virtual and DNW-German Dutch wind tunnels in the configurations of the ducts before and after the test section. As illustrated in Fig 3, we used a rectangular CFD domain in the simulations. The simulated lift coefficients for both models are shown in Fig 16. The lift coefficient monotonically increased with the yaw angle and switched from a negative to a positive yaw angle between 5 and 10°, as shown in figure. Figs 14, 15 and 16 indicate the dependence of the drag, side force and lift force coefficients on the yaw angle and as well vehicle geometry, together with the DNW-Germen Dutch wind tunnel data for the drag and side forces. The magnitude of drag, side force and lift forces monotonically increase as the yawing angles increases.
Conclusions
Computational fluid dynamics flow simulations has been performed using large eddy simulation (LES) to assess the flow structure around the vehicle and the effects of yaw angle on vehicle aerodynamic coefficients. Several prominent features are observed in the front-end flow. A number of vorticity streaks are formed on the sides of the cab arising from upper corners of the cab, side mirrors and the rear ends of the wheel covers. The vorticity streaks strongly influence the flow on the sides of the trailer. The numerical simulation reflects observations that the wind tunnel test approach is more accurate in evaluating the vehicle aerodynamic drag, and the CFD approach is less constraining in terms of the operating conditions of the virtual wind tunnel. Drag coefficient is predicted most accurately within 5% of air deflector model and within 7% of no air deflector model by using a tetra-hydral mesh. Also simulated side force and lift force coefficients are achieved satisfactory agreement with experimental data. The computational work is expected to be applicable as a reference data to any heavy-duty truck geometry where flow is dominant by turbulent.
